Temporal dynamics of attention during postural perturbations in young and older adults were investigated. Nineteen young and older subjects performed simple reaction time tasks during translational platform perturbations. Auditory or visual stimuli were presented randomly at delays from the onset of the platform perturbation. Reaction time was slowed before and during the platform movement, particularly in older subjects. Reaction times to stimuli presented at a 250-millisecond delay or later were not influenced by perturbation. The reaction times to the auditory stimuli were influenced more by perturbation than were those to visual targets. The postural response was unaltered by the presence of the reaction time task, but it differed between groups. Attention is engaged in response to a perturbation during the preperturbation time and during the initiation of the postural response in young and older adults. Sensory selection occurs in young and older adults, but to a greater degree in older subjects.
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EVERAL recent studies have investigated the role of attention in postural control by using the dual-task paradigm, examining the interference between a cognitive task and a balance task. Different cognitive tasks have been used in combination with standing and walking, including mental arithmetic (1, 2) , visuospatial tasks (see, e.g., 3), reaction time tasks (see, e.g., 4 and 5), and word recall (see, e.g., 6 ). As challenge is varied in one task, the amount of interference created in the other task is thought to reflect the degree of attention required to perform the task. The studies, taken together, have shown minimal interference between cognitive tasks and postural control during quiet standing on a fixed support surface; however, as postural challenge increases, increasing attentional processing appears to be required.
Normal aging appears to result in increased attentional requirements for balance during standing (1) (2) (3) 5, (7) (8) (9) (10) (11) (12) . Recently, other studies have found attentional influences on locomotion as well, particularly in older subjects (6, (13) (14) (15) (16) . This consistent aging effect may be part of a more general phenomenon of "age-associated permeation of behavior with cognition" (6). Thus, age-related changes in sensory and motor function appear to increase the requirement for cognitive regulation of sensorimotor processes. However, it is still unclear exactly how attention is being used in postural control, and what specific actions are most influenced by aging.
Only recently have studies begun to address attentional allocation during postural tasks involving reactions to postural perturbations (2, (17) (18) (19) . Two similar studies by Brown and collegues (2) and by Rankin and colleagues (19) examined the attentional demands on recovery from a horizontal anterior platform translation during a cognitive task (counting task) in healthy young and older subjects. The counting task was initiated before the perturbation and continued throughout the perturbations. Brown and colleagues (2) found an increase in counting time immediately after perturbation in young and older subjects, suggesting that there was some competition for attention during the recovery process from the perturbation. Minimal effects of the cognitive task on the postural strategy types used (ankle, hip, and stepping) were found. However, within postural strategies, the cognitive task did influence posture in the older subjects. These results suggest that attentional requirements vary with sensorimotor requirements within a particular response. Brauer and colleagues (18) also examined postural recovery with a dual task and found that a postural response to a perturbation required attention in healthy older subjects and young subjects similarly, whereas balance-impaired elderly subjects showed greater attentional requirements. Although these studies indicate that attention is utilized during postural perturbations, the dynamics of this process could not be determined because of the lack of temporal resolution in the cognitive task and because the cognitive task was always engaged prior to the perturbation response.
The aim of this present study was to investigate the temporal dynamics of attention during postural recovery in older and young adults by using a dual-task paradigm with reaction time tasks as the information-processing component. Portions of these data have been presented in abstract form (20, 21) . 9 women and 10 men, mean age 78.8 ( SD 3.4) years (range 73-85 years), with no history of vestibular or neurological disorders, participated in this study. All subjects were screened for normal vestibular function through caloric and rotational testing (22) and completed a neurological examination (by J. Furman) prior to enrollment. Other inclusionary criteria for the subjects were normal scores on functional abilities tests performed by a physical therapist, including a score of greater than 21 on the Physical Performance Test (23), a timed up-and-go score of less than 26 s (24), and a Sickness Impact Profile score of less than 6 (25) . Hearing tests were performed to test for normal thresholds, including pure tone thresholds greater than the 90th percentile (at 1, 2, 4, 6, and 8 kHz) based on data from Robinson and Sutton (26) . Older subjects were also given the MiniMental State Examination (27) and were required to have a score of greater than 23 to be included in the study.
Informed consent was obtained prior to any participation. This study was approved by the Institutional Review Board of the University of Pittsburgh.
Instrumentation
The instrumentation consisted of a posture platform (Equitest, Neurocom, Inc., Clackamas, OR) that provided translational perturbations of the floor. The platform movements were translations of 0.64 and 3.17 cm, with durations of 150 and 250 milliseconds, respectively. A harness was used to prevent falling. The harness did not inhibit movement during the perturbation. For the reaction time (RT) task, subjects pushed a handheld microswitch button in response to either a visual stimulus (green light emitting diode in front of the subject at eye level) or an auditory stimulus (1000-Hz tone). The 1000-Hz tone was presented for 1 second at 60 dB through headphones. The timing of the movement of the platform and the presentation of the RT stimulus was controlled by a computer. RT data were collected from the button push. Postural data were collected from force plates. All data were digitally recorded at a sampling rate of 1000 Hz.
Procedure
The independent variables in this study were perturbation size, perturbation direction, time interval between the perturbation onset and the RT stimulus, and the sensory modality of the RT stimulus. The two perturbation sizes used were 0.64 and 3.17 cm, and they were blocked. The perturbation direction (forward or backward) was randomly chosen during the trials. The time intervals ( ␦ ) between the RT stimulus and platform movement initiation were Ϫ 100, 0, 100, 250, 500, 750, and 1000 milliseconds. For ␦ ϭ Ϫ 100 milliseconds, the RT stimulus occurred prior to platform movement. At ␦ ϭ 0 milliseconds, the stimulus and platform movement initiation occurred simultaneously. For positive ␦ , the RT stimulus occurred after platform movement began. Platform movement was completed within 250 milliseconds; therefore, stimuli at ␦ ϭ 100 milliseconds occurred during the floor movement and ␦ Ն 250 milliseconds occurred after floor movement. The RT tasks were simple RT responses to two sensory modalities: auditory or visual. The sensory modality was also blocked so that only visual or auditory stimuli were presented within each block.
One practice session was given on a separate day before data collection began. The practice session included both visual and auditory RT tasks while the subjects were seated. The subjects then stood on the posture platform during perturbations to become acquainted with the platform translation. Finally, the subjects practiced performing the RT tasks during perturbations at ␦ ϭ 0 milliseconds. Thus, subjects were fully acquainted with the protocol, including the magnitude of the perturbations and the combination of perturbations and RT tasks. Subjects were told to respond as fast as possible to the RT stimulus while maintaining balance. Each subject was required to correctly respond to the stimulus in greater than 90% of the practice trials to continue to the data collection phase.
During data collection trials, the experimental protocol was administered over three sessions, each on separate days. Data collection trials consisted of four blocks of 57 RTs: 48 experimental trials and 9 catch trials. Of these 9 catch trials, 6 were postural catch trials, in which a postural perturbation occurred but no RT stimulus was presented. The other three trials were RT catch trials without a perturbation, but with a RT event. These catch trials were included to prevent predictability and increase alertness. The blocks were as follows: 0.64-cm perturbation with visual RT task, 0.64-cm perturbation with auditory RT task, 3.17-cm perturbation with visual task, and 3.17-cm perturbation with auditory task. Presentation of the four blocks was randomized within days. Within each block, the delay times between the onset of perturbation and the RT stimulus were randomly varied among the seven chosen delays ( ␦ ). The inter-stimulus time was randomly selected to be between 2 and 4 seconds. Three minutes of seated rest was provided between trials to reduce fatigue.
Data Analysis
The dependent variables were RTs and latency of the postural response to the perturbation. The RTs were computed as the difference between the onset of the stimulus (auditory or visual) and the activation of the button. The latency of postural response was estimated by using center of pressure (COP) recordings. The COP time series were analyzed to find temporal and magnitude characteristics of the response, including the initial latency of response ( T L ), the time from initial active response to the maximum COP response ( T 1 ), and the amplitude of the response ( A max Ϫ A 1 ). Figure 1 illustrates how these values were computed for a representative COP trace. The latencies were determined by finding the first maximum of the second derivative of the COP signal after platform movement. The first change in acceleration response after that point was marked T L ; T 1 was marked as the first relative maximum of the COP response after onset of the active response. Both T L and T 1 were plotted and visually checked for correctness.
Statistical analyses were performed by using repeated measures analysis of variance with subjects nested within age groups. A significance level of ␣ ϭ .05 was used throughout the analyses. Logarithmic transformations were performed prior to analysis to normalize the distributions of the RTs. Post hoc comparisons were made for significant multiple-level variables.
R ESULTS

Reaction Times
RT was influenced by main effects of age ( F ϭ 28.0; p Ͻ .001), ␦ ( F ϭ 98.4; p Ͻ .001), stimulus modality ( F ϭ 109.7; p Ͻ .001), and perturbation size ( F ϭ 72.0; p Ͻ .001). Perturbation direction did not influence the RTs. The interactions that significantly affected RT were Age ϫ Size ( F ϭ 20.3; p Ͻ .001), ␦ ϫ Modality ( F ϭ 26.7; p Ͻ .001), ␦ ϫ Size ( F ϭ 10.9; p Ͻ .001), and Age ϫ ␦ ϫ Size ( F ϭ 5.1; p Ͻ .001). As expected, overall, the older subjects had longer RTs compared with the young, and RTs were longer for the visual stimulus compared with the auditory ( Figure  2 ). Age also modulated the influence of the time delay ( ␦ ) between perturbation and stimulus on the RT measure, that is, the three-way interaction. The RTs were greater before the perturbation occurred ( ␦ ϭ Ϫ 100 milliseconds) compared with those after the perturbation was completed (250 milliseconds and beyond; p Ͻ .001). Perturbation size had an effect on the RT for ␦ ϭ 0 and 100 milliseconds ( p Ͻ .01), and this size effect was larger for the older subjects than for the younger subjects ( p Ͻ .001).
The significant interaction of ␦ and stimulus modality indicated that the RTs for visual stimulus were affected by the delay time differently than the RTs for the auditory stimulus. This effect was greatest during the postural perturbation. For ␦ ϭ 100 milliseconds, auditory RT increased and visual RT decreased compared with RT values at ␦ ϭ 0 milliseconds in both the young and older subjects (Figure 3) . The auditory RTs at ␦ ϭ 100 milliseconds were actually greater than the visual RTs.
Postural Responses
A repeated measures analysis of variance was performed for the variables associated with the postural response to the perturbation estimated from the COP time series ( T L , T 1 , and A max Ϫ A 1 ). Each variable was investigated independently, with all primary independent variables (age, perturbation size, direction, RT modality, and ␦ ) and first-and second-order interactions included in the model. The results of this analysis showed no effect of delay time ( ␦ ) or any interaction of ␦ with the other independent variables on any of the postural variables. Thus, we refuted our hypothesis that the activation of postural response would be delayed during a concurrent RT task compared with after the RT task was completed. There was also a Size ϫ Direction interaction effect on T L (F ϭ 4.38; p ϭ .037), with the larger perturbation initiating a longer latency than the small perturbation for the backward direction. There was no perturbation size effect for forward perturbations. Figure 2 are rearranged to show the responses to the two sensory modalities on the same plot for young and older subjects. Note that the auditory RTs at ␦ ϭ 100 milliseconds increase whereas the visual RTs decrease; this was true for both large and small perturbations. For the young subjects, auditory RTs at ␦ ϭ 100 milliseconds are actually greater than visual RTs.
Age of the participants altered the latency and amplitude of the COP response. The latency to response (T L ) was shorter in the older adults compared with the young (F ϭ 8.76; p ϭ .005) (Figure 4) . The time from the initial active response to the peak of the COP response (T 1 ) was affected by age (F ϭ 33.0; p Ͻ .001), direction (F ϭ 10.0; p ϭ .002), and the interaction of Age ϫ Size (F ϭ 22.6; p Ͻ .001). Older subjects had faster T 1 responses, particularly for the smaller perturbations (Figure 4b) . Directional effects showed faster T 1 responses for backward perturbations compared with forward perturbations in both young and older subjects. The magnitude of active COP response (A max -A 1 ) was affected by age (F ϭ 6.81; p ϭ .01), size (F ϭ 787; p Ͻ .001), Age ϫ Size (F ϭ 37.5; p Ͻ .001), Size ϫ Direction (F ϭ 13.1; p Ͻ .001), and Age ϫ Size ϫ Direction (F ϭ 28.5; p Ͻ .001). Older subjects had a greater response than young subjects for both perturbation sizes, with a greater increase in response during the large perturbation. Backward perturbations elicited greater responses compared with forward perturbations, especially for the older subjects.
DISCUSSION
We found that age modulated the interference between a postural recovery to a perturbation and a simple RT task. Performance of a RT task was influenced by perturbation size before and during the perturbation, particularly in older subjects. The perturbation size did not affect RT at or beyond 250 milliseconds after initiation of platform movement. The postural response to the perturbation was sensitive to age and perturbation size, but it was not influenced by the presence of a concurrent RT task. Larger perturbations had a more significant impact on attention to the concurrent RT task in older relative to younger adults.
The influence of the postural perturbation on RT for delay times shorter than 250 milliseconds suggests that there is a shift of attention while a response to a perturbation is made. In addition, the size of the perturbation appears to influence the level of attention to the perturbation response, with increasing attention for the perturbation with increased size. The interference of the postural task on RT dissipated by 250 milliseconds after the perturbation. These results suggest that there is a rapid attentional dynamic during postural recovery. In the preparation and execution of the postural response, attention is focused on identifying the sensory cues associated with the perturbation and to executing the appropriate postural motor response. Once the postural response has been executed, an attentional shift away from the postural task to the RT task occurs. Because perturbation size was presented in blocks, subjects could gauge in advance the proper response magnitude to the perturbation. However, direction of the perturbation was randomly presented within blocks of trials. This resulted in a choice between two motor programs: one for a forward perturbation and one for a backward perturbation. The process of determining the proper motor program and executing that program appeared to require attention within 250 milliseconds of the initial perturbation.
Young and older subjects seem to have the same temporal attentional dynamic, because both groups showed no perturbation size effect on RT for delays of 250 millisec- onds and beyond. Aging does appear to alter the degree of attention to the perturbation during preparation and execution of the response. Older subjects appear to have increased attention to the execution of postural response; however, the temporal dynamics of that response are rapid in both age groups.
The attentional dynamics during the postural response were affected by the stimulus modality of the RT task. The auditory RT task appeared to suffer from increased interference more than the visual RT task. This influence emerged in the preperturbation responses (␦ ϭ Ϫ100 milliseconds) and was marginally stronger among older participants. Perturbation size had a greater effect on auditory RT compared with visual RT. This sensory modality effect is contrary to our original hypothesis that there would be greater interference in visual RT response during the perturbation because the visual system is used in postural control. Instead, a facilitation of visual RT responses occurred. This may be due to specific attentional influences on sensory selection, with a reduction of auditory attention, a facilitation of visual attention, or both. This modulation of attention could serve to facilitate vision because visual information is used in the postural control response whereas audition is not. Concurrent with a visual facilitation, a "filtering" of auditory sensation could also occur because this sensory information is not believed to be primary in postural control during a perturbation. This apparent sensory selection persisted through the 100-millisecond delay; the auditory RT response was significantly slowed compared with the visual RT. The stimulus presented at ␦ ϭ 100 milliseconds occurred during the platform movement, but before the COP response was initiated. Thus, there is greater potential for interference at this time. This sensory modality effect is consistent with the argument that sensory facilitation or filtering may be occurring.
The performance of the RT task did not alter the postural response in either young or older subjects, suggesting that attention to the postural task was primary in this dual-task perturbation paradigm. The motor responses for these postural tasks were invariant to the delay times between the RT stimulus and perturbation, again suggesting that postural control is primary. This result is consistent with the findings of Rankin and colleagues (19) , who showed that electromyographic onset latencies of the postural muscles during perturbations did not vary under dual-task conditions of mental arithmetic. Brauer and colleagues (18) also found no effect of a dual task on postural response to a perturbation in healthy older adults when the postural task was primary. However, the primacy of postural recovery seen in the present study and by Rankin and colleagues (19) and by Brauer and colleagues (18) may not generalize to all situations. Some standing postural studies have shown an interference of information-processing tasks on sway (8, 28) , particularly in older adults (5, 12) . Thus, cross interference of information-processing tasks on balance has been demonstrated. This same interference could possibly take place in a perturbation response under the right conditions. For example, postural conditions that have a low probability of a perturbation may not have the same primacy of attention, particularly if they are coupled with an engaging and complex information-processing task. These conditions would probably be more representative of an unexpected slip or loss of balance that occurs in activities of daily living that may show an attentional effect on perturbation responses. In addition, the results of Brauer and colleagues (18) indicate that postural response to a perturbation is altered by a cognitive dual task in balance-impaired elderly subjects, even when the postural task is primary. Thus, the impact of attention on postural recovery to a perturbation is probably context specific and dependent on the health of the postural control system as well.
Compared with young subjects, older subjects had faster postural responses to perturbations. The COP latencies were shorter and the magnitudes of the COP response were larger for the older subjects. This may reflect an increased focus of attention on the upcoming perturbation in the older subjects. Although the postural task appeared to be primary in both groups, the older subjects may have placed a greater priority on the postural response. This is an interesting observation given that older individuals are typically slower rather than faster while performing tasks. The size of the perturbations may have been a factor. Older subjects may perceive more risk from these small perturbations than young subjects. If larger, more challenging perturbations would be used, similar responses between the two populations may occur. Clearly, further work will be necessary to separate attentional effects from aging effects on COP adjustments.
The rapid shift of attention found in this experiment differs from the recent perturbation study of Maki and colleagues (17) . They used a continuous visual tracking task as the cognitive task and used the time at which tracking failed after the perturbation as an indication of when attention switched to the postural task. They found that tracking was paused or deviated at 480 milliseconds (SD 187) after the perturbation. This latency was after the initial postural response that occurred at around 144 milliseconds. Their interpretation of this result was that the initial postural response, termed the "automatic postural response," was indeed automatic and did not require a shift of attentional processes; rather, attention was involved in later postural adjustments. The delay between the postural perturbation and the change in the tracking task found by Maki and colleagues (17) may not accurately reflect when the attentional shift occurred because of the anticipatory motor programming typical in such tracking tasks. That is, a feed-forward or predictive component presented in the tracking task may have delayed the appearance of a tracking error despite interference between underlying attentional processes during the perturbation response. The differences between these two experiments must be further explored to determine if the attentional dynamics are influential in the initial response, as suggested in this study, or if there is indeed an initial "automatic" component that does not require attention. The differential influence of age on recovery and the automatic components of the posture response will then become of central interest.
